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Abstract. The hyperfine lines of an ammonia (1,1) inversion transition often exhibit anomalous intensity ratios
towards star-forming cores. It has been known that the anomaly is only partially attributable to a non-LTE effect
on the hyperfine transitions. In an attempt to investigate how systematic motion like expansion and contraction
affect the line anomaly, whose existence is quite likely in star-forming cores, we have carried out radiative transfer
calculations fully taking into account the hyperfine splitting of energy levels and the line overlap effect caused by
the systematic motion. It is demonstrated that in a bundle of transitions from the (2,2) to (1,1) levels, photons
emitted from one transition can be absorbed by another transition due to the systematic motion and the small
frequency differences among the hyperfine transitions, resulting in drastic changes in the level populations of (1,1)
sub-states. Expansion (contraction) is found to strengthen the inner as well as outer satellite lines on the red
(blue) side, while suppressing those on the other side. The line anomaly becomes prominent as the ammonia
column density increases. It is concluded that the hyperfine line intensity ratios could be a good probe for tracing
the systematic motion inside the dense cores without relying on detailed analysis of line shapes.
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1. Introduction

Ammonia inversion lines have been widely used as a ther-
mometer or as a density tracer (Ho & Townes 1983;
Benson & Myers 1989; Lemme et al. 1996; Jijina et al.
1999). The ammonia (1,1) inversion line, which is the
most commonly observed, has two hyperfine lines on each
side of the main line. If they are optically thin, the in-
ner (outer) satellite lines are expected to have 0.26 (0.22)
times the intensity of the main line, and if they are opaque,
their line intensities are all equal. However, an interest-
ing phenomenon called the “hyperfine anomaly” has long
been known and a thorough investigation has been un-
dertaken to show that the outer satellite line on the red
side, that is stronger than the one on the blue side, results
from the non-LTE level populations due to the hyperfine
selective photon trapping (Stutzki & Winnewisser 1985b,
SW85 hereafter).

However, observations exhibit a wider range of anoma-
lies, as shown, e.g., in Anglada et al. (1997). Our work
is actually motivated by the VLA observation of a
dense core embedding a young stellar object (YSO),
IRAS 19550+3248, toward which the inner satellite line
on the low velocity side is found to be very weak

* e-mail: yspark@astro.snu.ac.kr

(Lee et al., in preparation). These cannot be explained
simply by the non-LTE effect, because according to SW85,
the inner satellite lines are insensitive to it and their
strength does not fall below the optically thin limit, 0.26
of the main line strength. A survey of the literature re-
vealed a similar feature in the outflow lobe of L1157
(Umemoto et al. 1999). Since the material embedded in
these YSOs involves a variety of motions such as infall
and outflow, the velocity field may play a role in pro-
ducing the anomaly. Since the ammonia hyperfine transi-
tions are located so close together in frequency, a photon
emitted from one transition might be absorbed in another
transition via the Doppler shift. DR21 is a proto-typical
example of this type of anomaly (Matsakis et al. 1977;
Gaume et al. 1996). Though it is somewhat complicated
by the continuum emission, the authors suggest that the
systematic motion is responsible for the anomalous hyper-
fine lines. Matsakis et al. (1977) conducted numerical cal-
culations, but their treatment was only qualitative. Thus
an attempt is made here to better understand the pecu-
liar behavior of the hyperfine lines, with an emphasis on
the role of the systematic motion inside the ammonia core
unexplored by SW8&5.
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2. Models

We made use of the Monte Carlo radiative transfer code
developed by Bernes (1979) and modified it to incorporate
the line overlap effect (Park et al. 1999; Lapinov 1989).
The core is gridded into 15 concentric shells whose radii
vary as 7, = R(i/15)%% i = 0,1,2,...,15. Since we
are primarily concerned with ammonia cores associated
with low-mass star formation, we adopt a radius of R =
0.04 pc and a constant kinetic temperature of T' = 15 K,
based on both single dish and interferometer observa-
tions toward the cores (Zhou et al. 1989; Jijina et al. 1999;
Fuller & Wooten 2000; Lee et al., in preparation). It may
be appropriate to introduce density profiles decreasing
outward, but in order to make the problem as simple
as possible, the density distribution is assumed to be
uniform.

The role of the velocity field in determining the
anomalous line intensity should be understood in re-
lation to the hyperfine structure of ammonia energy
levels, which is best illustrated in Fig. 1 of SW8&5.
Considering the frequency differences among the hyperfine
lines of (2,1)—(1,1) transitions that govern the popula-
tions of (1,1) sub-states, the systematic gas motion should
be 20.3 kms~! in order for the line overlap to be at work.
Yet observations suggest that it should not be too large,
<0.5kms™! (Choi et al. 1995; Gregersen et al. 2000). For
the velocity law of systematic motion, one can think of
either free fall of a gas sphere (v(r) o r), or inside-out
collapse (v(r) o< r=%-%). An important point in examining
the line overlap effect is whether any photons and if so,
how many photons from a transition are absorbed by an-
other transition. That is, of crucial importance is the sense
and magnitude of the photon Doppler shift as seen by an
ammonia molecule in a certain position of the core. In the
case of uniform contraction, the incident photons are all
blue-shifted, independent of the position of the ammonia.
The Doppler shift is rather isotropic, but not perfectly,
of course, because of the finite size of the core. On the
other hand, for inside-out collapse, this may not be the
case, since in a certain direction, i.e., toward the center
or radially outward, incident photons are red-shifted in
contrast to an overall blue shift in the other direction.
The photons from a half sphere on the other side of the
core center as seen from an observer is always blue-shifted,
independent of the velocity law. Part of a half sphere on
the observer’s side also generates blue-shifted photons, the
fraction depending on the position of the ammonia that
receives photons. Thus the volume from which photons are
blue-shifted is much larger than that from which photons
are red-shifted, the volume fraction depending on the am-
monia position. The relative line intensity would not be
much affected by the adopted velocity law, although the
line shape might. Thus we decided to use the model of
uniform contraction as a representative law of the inter-
nal motion. For comparison, it will be useful to explore
the opposite case of outward motion as well. To summa-
rize, we adopt the velocity model of v(r) = £Vy(r/R),
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where the plus and minus signs refer to the outward and
inward motion, respectively. Most calculations are under-
taken with V5 = 0.4 km s~! obeying the constraints men-
tioned above, but models with different values of V4 are
also explored and discussed in Sect. 3.4.

On the other hand, micro-turbulence motion tends to
weaken the selective line overlap effect. Thus, in order to
discern the line overlap effect, we assume only pure ther-
mal motion for the Gaussian line absorption profile, i.e.,
AVewam = 0.2 km s~! corresponding to a kinetic tem-
perature of 15 K. If the turbulence plus thermal motion
is larger than ~0.6 kms™!, all the lines from (2,1)—(1,1)
will be merged into one, resulting in a weak line anomaly
of (1,1) inversion transitions. The effect of non-thermal
microturbulence is also investigated (see Sect. 3.5).

Then we are left with two major free parameters, the
hydrogen number density, n(Hsz), and the abundance of
ammonia, X (NHs) or n(NHs)/n(Hsz). We explored the pa-
rameter spaces of n(Hg) =1 x 10* em™ to 1 x 107 cm™3
and of X (NH3) = 1x107? to 3x10~7. The lower boundary
of X (NHj) is based both on the observation by Fuller &
Wooten (2000) and on the gas-grain chemical calculation
of Shalabiea (2001). However, we excluded cases for which
the main line of the (1,1) inversion transition is too opti-
cally thick (my = 10) or the line is too weak (Tp < 1 K).

Statistical equilibrium equations are solved with 30 hy-
perfine levels of (J, K) = (1,1), (2,1), (3,1), (2,2), and (3,2)
and 70 radiative transitions among them. Stutzki (2000,
private communication) provided us with energy level and
Einstein coefficients. Hyperfine selective collisional coeffi-
cients are taken from Stutzki & Winnewisser (1985a). It
is found that the code converges slowly particularly in the
optically thick cases, and that a large number of photons
(~10%) are necessary for safe convergence. The code is
iterated until the level populations of the lowest 12 lev-
els change by no more than 0.3% for about 5 consecutive
iterations. Sometimes the transitions become suprather-
mal, making the calculations unstable. However, repeated
calculations with different seed numbers ensure that the
resulting line profiles are accurate to a few percent.

3. Results

3.1. Comparison with SW85

At first, for comparison, we carried out calculations for
models similar to the ones considered by SW85. Model
parameters are T = 25 K, n(H) = 3 x 10°> cm™3, and
R = 0.02 pc. We choose the T' = 25 K model, since the
line anomaly is larger for the model of higher temperature.
Figure 1 shows the line profiles from the center of the core
and those averaged over the disk, the projection of the core
onto the sky plane. The latter profiles can be compared
with the second row of Fig. 4 in SW85. In the figure,
the column density divided by the line width, 1046 —
10158 ¢cm~2 s km~!, corresponds to an NH; abundance
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Fig. 1. Profiles of ammonia (1,1) inversion lines from the static
cores of various column densities, where n(Hz) = 3x 10% cm ™3,
T =25 K, and R = 0.02 pc. The upper curves are line emis-
sions from the center of the core and the lower ones are the
profiles averaged over the core in the plane of the sky. The
number in the top left corner of each figure frame represents
column density per unit velocity. The velocity scale is shown
at the bottom.

relative to molecular hydrogen of 3.1 x 1079 — 4.9 x 1078
for a pure thermal width of AVew gar = 0.26 km s—1.

It is found that the lines are generally weaker and the
line anomalies of outer satellite lines are less prominent
than those of SW85. One should be aware that SW85
applied the escape probability method and assumed uni-
form excitation conditions over all depth points which are
equal to those at the center of the core. Using the small-
est value of escape probability at the center leads to a
tendency towards greater ammonia population in higher
energy levels. Since we relax this restriction, the lines cal-
culated in this work are generally fainter. Moreover, the
anomaly will be weaker in the outer part of the core than
that found by SW85, and consequently the lines averaged
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over the core are less anomalous. They also assumed to be
an “all or nothing” line overlap whereby transitions within
a thermal line width are considered to have an identical
frequency, whereas those further apart from each other
are completely separated. By contrast, we deal with the
problem without employing this assumption at the cost
of increased computation time. However, our calculation
shows that this simplification does not alter the results
too much.

3.2. Static cores

Coming back to the model of T'= 15 K, we conducted the
calculations for three kinds of models: static, expanding,
and contracting cores. From now on we will refer to the
line emission toward the core center only. The resulting
line profiles from the static cores are shown together with
those from the cores with inward and outward motion in
Figs. 2 and 3, respectively, where the ammonia abundance
of the top left frame is X (NH3) = 3 x 1077, and that of
the rightmost frames in each row is X (NH3z) = 1 x 1079,
At low column density, the lines from the static cores are
brighter than those of the cores with motion simply due
to low velocity dispersion. The line intensities are most
sensitive to the ammonia column density. They also slowly
increase along with the n(Hsy), and will eventually reach
the limiting brightness of Tg ~ 12 K. It is found that the
line anomaly is the most prominent for a column density of
N(NH3) ~ 3 x 10* em~? or for a main line optical depth
of 7\ ~ 3; however, as a whole, it is not as remarkable as
that of the high temperature models.

3.3. Cores under systematic motion

Figures 2 and 3 also present the line profiles in the pres-
ence of the systematic motion. Like the case of the static
cores, the anomaly largely depends on the ammonia col-
umn density. At low column density, the line seems nor-
mal, and the anomaly begins to develop for N(NH;3) ~
3 x 10'* cm~2. The corresponding main line optical depth
is around unity, suggesting that the anomaly takes place
at a lower optical depth in comparison with the static
cores. The anomaly is much stronger than that of the
static model and, as the column density increases further,
satellite lines become even stronger than the main line.
It should be noted that for the cores with the systematic
motion, inner satellite lines also become anomalous, un-
like the static cores. For the largest column density, the
lines are thermalized as n(Hs) increases, since the colli-
sional process dominates the radiative one. The sense of
anomaly is reversed when the direction of motion is re-
versed, i.e., the brightest line is on the blue side of the
contracting cores, while it is on the red side of the ex-
panding cores with similar line strength.

The anomaly can be explained in terms of photon ex-
change. The reader is referred to Fig. 1 of SW85 for the
energy level diagram of ammonia. In a core collapsing
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Fig. 2. Profiles of ammonia (1,1) inversion lines are shown from the center of the static (narrow line profiles) and contracting
(broad ones) cores for various ammonia column densities and hydrogen number densities, where 7" = 15 K and R = 0.04 pc.

The velocity scale is shown at the bottom.

uniformly (v(r) o r), all of the photons incident on an
ammonia molecule in a depth point is blue-shifted and
the degree of blue shift is proportional to the distance to
the position where the photon is last emitted. Thus the
photons from the (2,1)—(1,1) main transitions (F; = 3-2)
can be absorbed in the satellite transitions of F} = 1-0,
while the main line transitions receive photons from the
F7 = 2-1 transitions. The F; = 2-1 transitions have only
to emit photons without any return. These result in over-
population of the Fy = 1 states of (1,1) levels and under-
population of the F; = 0 states. Consequently, the F; = 1—
0 line of the (1,1) inversion transition gets stronger, while
the F; = 0-1 becomes weaker. Those photon trapping
processes are more efficient for larger optical depth. For
even higher column density, the F; = 1-0 transition is
inverted. In the case of outward motion, the opposite ex-
planation applies. As mentioned in Sect. 2, for a different
velocity law such as the inside-out collapse (v(r) oc r=02),
a certain fraction of photons is red-shifted. However, ad-
ditional calculations show that the conclusion drawn here
is generally valid, since the fraction is small.

Considering the velocity law of V(r) = <04
(r/R) kms™! and the velocity differences, $0.3 kms™! of
(2,1)—(1,1) transitions, the absorption of Doppler-shifted
photons can be most effective in the central region. An am-
monia molecule in the outer boundary can absorb blue- or
red-shifted photons only from a half shell centered at the

molecule’s position touching the core center. Thus the dif-
ferences in the excitation temperatures among hyperfine
transitions will be larger in the core center than at the
core edge. For the velocity law of uniform contraction or
expansion, the excitation temperature along a radial dis-
tance has a one-to-one correspondence with the intensity
across the line profile if the transitions are optically thick.
Thus, the strong hyperfine line on the blue (red) side of
collapsing (expanding) cores with the largest column den-
sity is a manifestation of suprathermal excitation of the
transition around the core center, while the weak line with
the line core suppressed on the other side represents a sub-
thermal excitation.

3.4. Changing the amplitude of velocity

We calculated line emissions by varying V; for a model
core with the fixed values of n(Hz) = 3 x 10° ecm~2 and
X(NH3) = 3 x 1078, and those are displayed in Fig. 4.
With increasing V the lines become weaker, particularly
for the transitions that are formerly suprathermally ex-
cited. In the presence of a large velocity gradient, the vol-
ume of a shell from which an ammonia in a certain posi-
tion receives Doppler-shifted photons becomes less depth
dependent. Then the excitation condition will also have
little positional dependence, resulting in a line profile with
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Fig. 3. Profiles of ammonia (1,1) inversion lines are shown from the center of the cores with expansion (broad line profiles) and
of the static cores (narrow ones) for various ammonia column densities and hydrogen number densities, where 7" = 15 K and

R = 0.04 pc. The velocity scale is shown at the bottom.

a flat top for the uniform density distribution. It is found
that the anomaly keeps appearing, since the photon ex-
changing process continues to work. It will vanish only
when the velocity gradient is so large that the excitation
condition becomes a purely local one. This contrasts with
the case of microturbulence.

3.5. Changing the turbulence velocity

One can easily understand that the photon exchange will
become less important as the turbulent velocity increases.
If the velocity is larger than the line separation of a bundle
of (2,1)—(1,1) transitions, then the transitions will behave
as a single line and the (1,1) inversion lines will no longer
exhibit the anomaly. In order to confirm this reasoning,
additional calculations were conducted and the resulting
line profiles are displayed in Fig. 5. The figure shows that
the anomaly decreases with increasing turbulent velocity,
Vsurb- FOr Ve & 0.6 km s~1, the inner or outer satellite
lines of both sides are almost equal in strength.

4. Discussions
4.1. Applicability of the model

One of the drawbacks of this work is that the synthe-
sized line is generally brighter than the observed one,

a deficiency which is shared by all previous studies as-
suming a smoothly varying gas distribution. For this rea-
son, a clumpy core model has been invoked in which
a large number of small clumps partially fill the tele-
scope beam (e.g., SW85). For the objects like L1251A,
1483, and L1262 exhibiting prominent ammonia anoma-
lies (e.g., Anglada et al. 1997; see next section), the main
beam brightness of the main line components is found to
be T\ ~ 1.5—4 K, whereas the brightness temperature
of the synthesized line is T ~ 7—12 K for the excita-
tion temperature of Ty =~ T ~ 10—15 K, since the main
line optical depth is 7y & 1. Taking into account the fact
that the observed ammonia core is marginally resolved by
telescope beam and the line emission that we are deal-
ing with is from the core center, the area filling factor of
clumps is estimated to be £0.3. Thus it would be plau-
sible to incorporate the clumpy picture into the core in
which clumps only with thermal motion take part in the
global expansion or collapse of the core. The hyperfine
anomaly may become weaker due to clumpiness, since the
number of Doppler-shifted photons of (2,1)—(1,1) transi-
tions decreases. This could be compensated by increasing
ammonia abundance and/or gas density. Considering the
area filling factor, one may find that the area-averaged am-
monia column density changes little to produce a similar
degree of hyperfine anomaly (Park & Hong 1995). Since
the anomalous (1,1) inversion lines are rather opaque,
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Fig. 4. Profiles of ammonia (1,1) inversion lines from the cen-
ter of the cores for several Vp’s of V(r) = £Vo(r/R). The Vo
changes from 0.4 kms™' (narrowest line profile) to 1.0 kms™!
(widest one) with an increment of 0.2 kms™'. The n(Hz2) and
X (NH3) are fixed to 3 x 10° cm™® and 3 x 1075, respectively,
where T'= 15 K and R = 0.04 pc. The velocity scale is shown
at the bottom.

their intensities are affected by the area filling factor. In
this way, the hyperfine lines could be less bright, but re-
tain their anomalies. This explanation is very qualitative
and thus it is intriguing to carry out three-dimensional
radiative transfer calculations in order to investigate in
detail the effect of clumpiness on the excitation condi-
tions and the resulting line emissions in these clumpy cores
(Park & Hong 1998; Juvela 1997).

Another constraint we set is that the turbulence should
be minimal and only the systematic motion is allowed. As
shown in Sect. 3.5, a turbulence of veyp ~ 0.6 km s™!
causes the line anomaly to diminish. Then one may ar-
gue against neglecting the turbulence. The line broad-
ening dominated mainly by thermal motion is easily
found in the cold dense cores (Bourke et al. 1995; Lemme
et al. 1996) and even in the molecular outflow regions
(Anglada et al. 1997). Barranco and Goodman (1998) &
Goodman et al. (1998) clearly demonstrate that the line
width of quiescent ammonia cores is close to the pure ther-
mal one. Thus one can expect that the systematic motion
can be detected in the cores, if at all. However, this con-
dition may not be met in warm or hot dense cores associ-
ated with HII regions or related to high mass star-forming

353

activity where various sources of (micro-)turbulence are
likely to be present.

4.2. Comparison with observations

We find a variety of ammonia lines in the litera-
ture (Batrla et al. 1983; Stutzki et al. 1984; Lemme et al.
1996; Anglada et al. 1997; Zinchenko et al. 1997). In ear-
lier observations toward the cores forming high mass
stars, the lines are wide, 21 kms~! in general (e.g.,
Batrla et al. 1983; Stutzki et al. 1984). For several ob-
jects, the inner satellite lines appear to have equal inten-
sity but the outer satellite lines have unequal intensity in
spite of their large line width, which led SW85 to inves-
tigate the non-LTE effect of ammonia molecules in the
clumpy structured cores.

One can find the most quiescent ammonia cores in the
study of Lemme et al. (1996), toward which the magnetic
hyperfine splitting of (1,1) quadrupole groups is observ-
able (Rydbeck et al. 1977). The lines are generally nor-
mal, suggesting little sign of systematic motion inside the
cores.

The ammonia lines from outflow sources are wider and
appear to exhibit diverse anomalies particularly in the in-
ner satellite lines (Anglada et al. 1997). When comparing
the synthesized lines with observed ones that are not so
wide, one should keep in mind the fact that the magnetic
splitting is the smallest (/11 KHz) in the hyperfine lines of
the lowest velocity and about the same as the larger val-
ues of ~33-46 KHz in the others (Rydbeck et al. 1977).
In the case of L1251A embedding IRAS 2234347501 (and
possibly L673), the four satellite lines become weaker
in succession from the blue to the red (see Fig. 1 of
Anglada et al. 1997). The line width is ~0.6 kms~!. If
we exclude the lowest velocity line by the reason men-
tioned above, their relative intensities are qualitatively
consistent with those of a collapsing core with N(NH;3) ~
6 x 10'* cm~2. The estimated LTE optical depth of the
main line, myy = 1.5 is not much different from ny =~
2.0 derived from the model. In fact, L1251A has been
observed in numerous transitions of molecules such as
CS, H,CO, HCO™, and HCN, but the sense of motion
is controversial (Mardones et al. 1997; Park et al. 1999;
Gregersen et al. 2000). Diverse velocity fields can coex-
ist in YSOs including collapse in the disk/envelope and
expanding motion in the outflow, and the sensitivity to a
certain velocity field may differ from one molecular transi-
tion to another. Since L1251A has been studied mostly by
single point observations, further (mapping) observations
are necessary in various molecular transitions to clarify its
kinematical properties.

Objects like L1483 and L1262 (Anglada et al. 1997)
with the inner satellite weaker on the blue side than the
red, can only be explained by outward motion; neither a
collapsing nor static core can account for it. The strength
of the outer satellite line in the blue may be due to the
magnetic hyperfine splitting. The ammonia lines in the
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outflow lobe of L1157 are also consistent with the expand-
ing model (Umemoto et al. 1999).

One extreme case of a weak blue side inner satellite
line is found in IRAS 19550+3248. Toward this source,
the inner satellite line on the blue side is almost missing,
while the one on the red side has 0.8 times the inten-
sity of the main line. In general, the absence of a line
suggests either an optically thick line with very low ex-
citation temperature or an extremely optically thin one.
None of our calculations produces such a big contrast in
excitation temperature or line intensity between the inner
satellite lines. This will be discussed elsewhere in greater
detail (Lee et al., in preparation).

DR21 is an exceptional object in the sense that the
outer satellite line on the red side appears in emission
and masering, while all the other lines are manifested in
absorption (Gaume et al. 1996). According to our calcu-
lation, the maser on the red side occurs when the optical
depth of the main line is rather high (mv > 10) for an
expanding core. However, the inner satellite line is more
likely to be inverted than the outer satellite one. In order
to simulate the absorption lines, we undertook calculations
in which the background radiation of all the relevant tran-
sitions including the FIR transitions is gradually increased
from 2.7 K to 17 K. However, it was found that the inner
satellite line at higher velocity is the last transition to be in
absorption due to the higher excitation temperature. Thus
we failed to reproduce the features of DR21 with this sim-
ple model, suggesting that more sophisticated modeling is
needed.

As the comparison with observations is rather tenta-
tive, the study demonstrates that the anomaly of inner

where T = 15 K and R = 0.04 pc. The velocity
scale is shown at the bottom.

satellite lines is attributable to the internal systematic
motion.

5. Summary and conclusions

There exist diverse motions such as outflow, infall, and/or
rotation in the cores embedding YSOs. Our calculations
show that the relative line strength of ammonia inver-
sion transitions is sensitive to the velocity field of the
cores. Most recent studies seeking infall signatures in the
star-forming cores rely on the detailed analysis of line
shape (e.g., Zhou 1995; Mardones et al. 1997). This in-
evitably requires observations of high spectral resolution
and signal-to-noise ratio that can not be easily accom-
plished, particularly in interferometric observations. In
this respect, the ammonia inversion lines could be a good
velocity probe of the cores since the line intensities can
be measured with lower S/N and spectral resolution than
the line shape.
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